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In order to obtain more insight in the two existing mechanisms on the nucleation, i.e., sympathetic
nucleation and interface instability nucleation, of α lamellae in the near β Ti alloys, the micro-texture of
α lamellae in Ti-7Mo-3Nb-3Cr-3Al has been investigated by using electron backscatter diffraction (EBSD).
The results show that the αWGB lamellae can not only grow up from αGB grains by inheriting the or-
ientations but also sympathetically nucleate at the αGB/β interface during the slow cooling process. These
observations provide the ﬁrst direct experimental evidence that the formation mode of α lamellae in Ti-
7333 alloy consists of sympathetic nucleation and interface instability nucleation. Based on the present
results together with some previous studies on α phase transformation in Ti-based alloys the inﬂuence of
β-stabilizers parameter on the change of formation mechanism of α lamellae was discussed.
& 2016 Chinese Materials Research Society. Production and hosting by Elsevier B.V. This is an open access
article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
Titanium alloys are ﬁnding widespread applications, particu-
larly in high-tech industries thanks to their advantages of perfor-
mance-to-density ratio, corrosion resistance, composite compat-
ibility, crack propagation resistance. Nowadays, the near β Ti al-
loys, such as Ti-5553 (Ti-5Al-5Mo-5V-3Cr) [1], Ti-1023 (Ti-10V-
2Fe-3Al) [2] and Ti-55511 (Ti-5Al-5Mo-5V-1Cr-1Fe) [3], which
have remarkably less β-stabilizer content than metastable β Ti
alloys (such as β21s, Timetal LCB et al.), are considered to be im-
portant developments direction of high strength Ti alloys due to
their deeper hardenability and adjustable mechanical properties
compared to the αþβ and metastable β Ti alloys. Up to now,
neither phase transformation controlling nor microstructure pre-
diction of the near β Ti alloys has been clearly understood since
the discovery of the alloys. It may be due to the fact that the mi-
crostructure of near β Ti alloys is highly sensitive to constituent
levels and processing routes. As the most important phase trans-
formation in near β Ti alloys, the β-α transformation plays a
dominant role in microstructural evolution, which is determining
the mechanical properties. The β-Annealed with subsequent slow
cooling and aging (named BASCA) heat treatment method is em-
ployed for near β Ti alloys to obtain the lamellar microstructure
which has outstanding damage tolerance and fatigue propertiesy. Production and hosting by Elsev
als Research Society.[4]. The lamellar microstructure in near β Ti alloys mainly consists
of three kinds of α phase, αGB (continuous α layers along β/β grain
boundary), αWGB (Widmanstätten α colony nucleating at αGB/β
interfaces and growing into the β grains) and αWI (Widmanstätten
α colony nucleating within the β grains and growing as plate
morphology). It has been revealed that the mechanical properties
of near β Ti alloys are predominantly governed by the size, mor-
phology and orientation of αWGB colonies [5]. Therefore, it is im-
portant to understand the nature of formation mechanism of α
lamellae.
Although a lot of investigations have been made on α phase
transformation, the formation mechanism of αWGB lamellae is not
yet understood. Appolaire et al. assumed that αWGB mainly nu-
cleated at the front of αGB and then grew into β grains, and pro-
posed a transformation model (shown in Fig. 1a) of sympathetic
nucleation for near β titanium alloys based on the classical theory
of nucleation and diffusion controlled growth [6,7]. However, by
means of EBSD technique, Salib et al. [8] found that αWGB lamellae
inherited the orientations taken by their αGB parent grains in Ti-17
alloy. Similar results were also found in near α Ti alloys [9] and γ-
TiAl alloys [10]. Sun et al. [9] found that αWGB lamellae grew up
from αGB grain with the same orientation due to interface in-
stability. Based on these ﬁndings they proposed a modiﬁed model
(as shown in Fig. 1b) to explain the formation mechanism of α
lamellae, named interface instability nucleation mechanism,
which is completely different from the sympathetic nucleation
mechanism.
This work focuses on a newly developed near β Ti alloy withier B.V. This is an open access article under the CC BY-NC-ND license
Fig. 1. Schematic diagram for the nucleation and growth of αGB and αWGB during the cooling process from single β phase: (a) sympathetic nucleation [6] (b) interface
instability [9].
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order to obtain more insight into the formation mechanism of
αWGB lamellae during the slow cooling process from single β phase
ﬁeld, the micro-texture of α lamellae in the Ti-7333 alloy was
detected by means of EBSD technique. From the EBSD maps, the
nucleation mode of αWGB lamellae in Ti-7333 alloy was revealed by
estimating the orientations between αWGB and αGB. Besides, the
inﬂuence of β-stabilizers parameter on the change of formation
mechanism of α lamellae was discussed. The clear evidence of the
formation mechanism of α lamellae in the present alloy provides
an essential understanding for microstructure control of near β
titanium alloy.2. Materials and experimental procedures
The Ti-7333 alloy was prepared by three times vacuum arcFig. 2. Microstructure evolution during the slow cooling process from 900 °C. The micro
slow cooling with subsequent aging at 650 °C for 8 h followed by quenching.remelting (VAR) followed by multistep cogging and forging to the
size of Φ150 mm400 mm. The chemical composition of the Ti-
7333 alloy is Ti-7.18 wt% Mo-2.99 wt% Nb-2.94 wt% Cr-3.00 wt% Al
and the β phase transus temperature is approximately 850 °C.
After forging, the Ti-7333 billet was then cut into
10 mm10 mm10 mm samples. These samples were solution
treated at 900 °C (β phase ﬁeld) for 45 min in quartz tube to dis-
solve the initial α phase. Subsequently, the samples were con-
tinuously cooled to different quenching temperatures (650 °C,
720 °C and 770 °C) with a cooling rate of 2 °C/min. The heat
treatments were carried out at the tube furnace (OTF-1200X) with
the thermo-regulate precision of 71 °C. In order to obtain a full
lamellae microstructure, an additional aging at 650 °C for 8 h was
performed following the cooling process.
The microstructure was observed by the OLYMPUS/PMG3 op-
tical microscope (OM) and JSM-6700F FEG scanning electron mi-
croscope (SEM). The samples for OM and SEM observation werestructures were obtained by quenching at (a) 770 °C, (b) 720 °C, and (c) 650 °C. (d)
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(mounting, grinding and polishing) followed by etching in a so-
lution composed of 10 vol% HF, 10 vol% HNO3 and 80 vol% H2O. The
orientation relationships between the αWGB, αWI, αGB and β phases
were determined in a SEM instrument with the help of EBSD
technique. The operating parameters of the EBSD procedure are as
follows: accelerating voltage 20 keV, specimen tilt 70° and scan
step size 0.5–4 mm. HKL-Channel 5 system was used for EBSD ac-
quisition and data manipulation.3. Results and discussion
3.1. Microstructural evolution during cooling process
A typical microstructural evolution occurred in the cooling
process from β phase ﬁeld is shown in Fig. 2. The great difference
in the size and distribution of α phase grown from the grain
boundaries indicates the strong driving force to form Wid-
manstätten α colonies. In Fig. 2a, αGB was found to nucleate at the
β/β grain boundaries ﬁrstly and grow up along the grain bound-
aries progressively, leading to grain boundary decoration. As re-
ported by Furuhara et al. [13], αGB usually has a near-Burgers or-
ientation relationship (BOR) with respect to at least one of the
adjacent β grains. When continued to cool to 720 °C (Fig. 2b) and
650 °C (Fig. 2c), αWGB lamellae were found to nucleate at the de-
corated grain boundaries and then grow into the β grains, result-
ing in a signiﬁcant increase of volume fraction of α phase. At the
same time, a small amount of αWI precipitation can be seen within
the β grains. In order to get more insight into the growth behavior
of the α lamellae, an additional aging treatment was performed at
650 °C for 8 h after slow cooling process. This treatment is similar
to the typical BASCA route for near β Ti alloys. As shown in Fig. 2d,
the ageing treatment results in a Widmanstätten structure with
large colonies comprising the αWGB lamellae that aligns the same
direction. It is obvious that the β-α transformation is nearly
complete after this treatment. As revealed by Sharma [14] and
Ahmed [15], the thickness and orientation of αWGB lamellae are
mainly associated with cooling rate and precursor αGB orientation,
respectively.
3.2. Formation mechanism of αWGB lamellae
In order to obtain more insight into the formation mechanism
of αWGB lamellae in the Ti-7333 alloy, the EBSD measurements of
the orientation parameters was performed for the statuses corre-
sponding to Fig. 2c and d. Fig. 3 shows the EBSD results of the
sample at different grain boundaries in Fig. 2c, wherein some α
lamellae were found on both sides of boundary, while some were
found on only one side of the boundary. What can be immediately
noticed is that the nucleation of αWGB lamellae mainly occurs at
the αGB/β interfaces and then grows into β grains. More than three
α variants were found to lie along the observed grain boundary,Fig. 3. EBSD OIM map corresponding to Fig. 2c, showing α precipitation formed on
both sides of the grain boundary.which belongs to high energy grain boundary (misorientation of
the two grains is about 40°). Although most of the α4 lamellae
were found to nucleate from α2 and α3, resulting in different or-
ientation between αWGB lamellae and αGB grains, small amount of
α4 lamellae were observed to have the same orientation with the
αGB grains. As has been deﬁned before, the difference between
sympathetic nucleation and interface instability nucleation lies in
whether the αWGB lamellae inherit the orientations taken by αGB
grains. Sympathetic nucleation will result in different orientations
between αWGB lamellae and parent αGB grains, while the in-
stability nucleation will lead to the same orientation between the
two kinds of α precipitation. Therefore, the EBSD map shown in
Fig. 3 indicates the coexistence of sympathetic nucleation and
interface instability nucleation. Further analysis by pole ﬁgures (as
shown in Fig. 4) indicates that all the α variants are in BOR, given
by {0001}α2//{110}β2 and 〈11–20〉α2//〈111〉β2, {0001}α3//{110}β1
and 〈11–20〉α3//〈111〉β1, and {0001}α4//{110}β2 and 〈11–20〉α4//
〈111〉β2, respectively. Interestingly, the α1 and α3 variants share a
common {11–20} pole and they also align with a speciﬁc {111} pole
of the β1 matrix, while the two α variants have their basal {0001}
pole aligned with these two different {011} β poles. Note that the
sympathetic nucleation process is accompanied by variant selec-
tion and related to the β grain orientations. Unfortunately, it is not
possible to say anything about the variant selection behavior be-
cause the understanding of β-α transformation still faces chal-
lenges, whether it is diffusion controlled or shear induced? Take
into account the grain boundary with single side αWGB lamellae in
Fig. 2c, Fig. 5 shows the OIM map and corresponding pole ﬁgures.
According to which, the interface instability nucleation mode can
be demonstrated. As shown in Fig. 5a, the αWGB lamellae formed
on one side of the grain boundary with 43° misorientation have
the same orientation with αGB grains. Fig. 5b represents that the
αWGB lamellae exhibit BOR with the β1 grain, given by {0001}α//
{110}β1 and 〈11–20〉α//〈111〉β1.
Fig. 6 shows the EBSD orientation maps highlighting the or-
ientation between αGB and αWGB after ageing process. In Fig. 6a,
the αWGB lamellae were found to nucleate at the αGB which has
two variants lie on a ﬂat grain boundary, and grow into opposite
grains by inheriting the orientations of αGB variants. This is an
indication of interface instability nucleation behavior. Fig. 6b dis-
plays three grain boundaries (named GB1, GB2 and GB3), on which
only one α variant was found to precipitate on GB1 and GB2, while
four variants precipitate on GB3. This phenomenon has been
conﬁrmed to be related to the orientation of the three adjacent β
grains [16]. It can be observed that the αWGB lamellae marked by
black box 1 and 4 in Fig. 6b have the same orientation with their
precursor αGB grains, while the αWGB colonies in black box 2 and
3 have different orientations with αGB grains. It is also strong
evidence from Fig. 6 that sympathetic nucleation and interface
instability nucleation coexist during the slow cooling process of Ti-
7333 alloy.
According to the above observation and discussion, the for-
mation and evolution mechanism of αGB and αWGB in Ti-7333 alloy
is proposed in Fig. 7, in which the nucleation and growth process
are divided into four stages: (1) Nucleation of αGB grains. αGB
precipitates predominantly at high-angle grain boundary, and will
be subjected to a variant selection according to crystallographic
orientation adaptation. As revealed in Figs. 3 and 4, different αGB
variants nucleate from the high energy grain boundary, and totally
meet the BOR with adjacent β grains, given by {0001}α2//{110}β2
and 〈11–20〉α2//〈111〉β2, {0001}α3//{110}β1 and 〈11–20〉α3//〈111〉
β1, {0001}α4//{110}β2 and 〈11–20〉α4//〈111〉β2. (2) Growth of αGB
grains along β/β grain boundary. After nucleation, the αGB grains
grow up along the β/β grain boundary, leading to progressive
decoration of the grain boundary. (3) αWGB grains nucleate from
the precursor αGB. The sympathetic nucleation (Fig. 7a) and
Fig. 4. Pole ﬁgures of local regions in Fig. 3, showing the {0001} and {11–20} poles of four α variants together with the {110} and {111} poles of the adjacent β matrix.
B. Tang et al. / Progress in Natural Science: Materials International 26 (2016) 385–390388interface instability nucleation (Fig. 7b) will take place synchro-
nously at this stage. In the former process, αWGB grains nucleate at
the αGB/β interface by overcoming the energy barrier between αGB
/β and αGB/αWGB. In this case αWGB lamellae and αGB grains have
different orientations. In the latter process, the αWGB lamellae
nucleate from the convex (resulting from interface instability) in
parent αGB grains. In this case αWGB lamellae and αGB grains have
the same orientation. (4) Growth of αWGB lamellae. Once the αWGB
lamellae nucleate from the precursor αGB grains, they continue
growing into the β grains, giving rise to the formation of Wid-
manstätten structure.
Table 1 provides a brief overview on the formation mechanism
of α lamellae in Ti alloys. It is roughly estimated that the formation
mechanism of αWGB lamellae changes from sympathetic nuclea-
tion to interface instability nucleation in sequence for metastable
β Ti alloy, near β Ti alloy, αþβ Ti alloy and near α Ti alloy with a
decreasing of β stability parameter (Kβ). However, the details and
the nature of relationship between Kβ and the formation me-
chanism of α lamella need further investigation. In order to better
validate the relationship between Kβ and the formation mechan-
ism of α lamella. We suggest that more detailed research work
needs to be done in binary titanium alloys, such as Ti-xMo alloys,
to avoid the complexity induced by multi component system.Besides, the three dimensional EBSD technique can be used to
estimate the formation mechanism of α lamella.4. Conclusions
By means of EBSD technique, the formation mechanism of α
lamellae during the slow cooling process from single β phase ﬁeld
in near β Ti-7333 alloy has been studied. From the results of this
work, the following conclusions can be drawn:
(1) It provides the ﬁrst direct experimental evidence that the
nucleation mode of α lamellae in Ti-7333 alloy is the coupling
of the two mechanisms, sympathetic nucleation and interface
instability nucleation. During the slow cooling process from
above β transus, the αWGB lamellae can not only grow up from
αGB grains by inheriting the orientations but also sympathe-
tically nucleate at the αGB/β interface.
(2) The nucleation and growth process of α lamellae in Ti-7333
alloy can be divided into four stages: nucleation of αGB grains,
growth of αGB grains along β/β grain boundary, nucleation of
αWGB lamellae from the precursor αGB, growth of αWGB la-
mellae into β grains.
Fig. 5. (a) OIM map at a grain boundary in Fig. 2c, showing α precipitation formed on a single side of the grain boundary. (b) Pole ﬁgures of local regions in the αWGB phase
(considering {0001} and {11–20} poles) and adjacent β matrix (considering {110} and {111} poles).
Fig. 6. EBSD maps at different regions in Fig. 2d, showing the different nucleation modes of α lamellas in the Widmanstätten microstructure, (a) sympathetic nucleation and
(b) simultaneous mode of sympathetic nucleation and interface instability nucleation.
Fig. 7. Schematic of α precipitation sequence on β/β grain boundary during the slow cooling process from single β phase ﬁeld in Ti-7333 alloy according to two kinds of
mechanisms: (a) sympathetic nucleation and (b) interface instability nucleation.
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Table 1
Overview on the formation mechanism of α lamellae in Ti alloys.
Ti alloys Alloy types Kβ Formation mechanism of α lamella References
Ti-15V-3Cr-3Sn-3A1 Metastable β Ti alloy 1.43 Sympathetic nucleation [13]
Ti-7Mo-3Nb-3Cr-3Al Near β Ti alloy 1.21 Sympathetic nucleationþ interface instability nucleation Present work
Ti-5Al-2Sn-2Zr-4Mo-4Cr α/β Ti alloy 0.97 Interface instability nucleation [8]
Ti-6Al-2Sn-4Zr-6Mo α/β Ti alloy 0.6 Interface instability nucleation [17]
Ti-6Al-4V α/β Ti alloy 0.27 Interface instability nucleation [18]
Ti-6Al-2Zr-1Mo-1V Near α Ti alloy 0.17 Interface instability nucleation [9]
B. Tang et al. / Progress in Natural Science: Materials International 26 (2016) 385–390390(3) Summarized from this work and the other relevant in-
vestigations, we can roughly estimate that the formation
mechanism of α lamellae in Ti alloys tends to change from
sympathetic nucleation to interface instability nucleation,
with the decreasing of Kβ.
More importantly, the coexistence of the sympathetic nuclea-
tion and interface instability nucleation in Ti-7333 alloy revealed
by this work contributes a new formation mechanism of α la-
mellae in Ti alloys.Acknowledgement
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